, via competing with nitric oxide (NO) synthase for the substrate L-arginine, may interfere with NO-mediated vascular responses. We tested the hypothesis that arginase 1 contributes to coronary vasomotor dysfunction in patients with diabetes mellitus (DM). Coronary arterioles were dissected from the right atrial appendages of 41 consecutive patients with or without DM (the 2 groups suffered from similar comorbidities), and agonist-induced changes in diameter were measured with videomicroscopy. We found that the endothelium-dependent agonist ACh elicited a diminished vasodilation and caused constriction to the highest ACh concentration (0.1 M) with a similar magnitude in patients with (18 Ϯ 8%) and without (17 Ϯ 9%) DM. Responses to ACh were not significantly affected by the inhibition of NO synthesis with N G -nitro-L-arginine methyl ester in either group. The NO donor sodium nitroprusside-dependent dilations were not different in patients with or without DM. Interestingly, we found that the presence of N G -hydroxy-L-arginine (10 M), a selective inhibitor of arginase or application of L-arginine (3 mM), restored ACh-induced coronary dilations only in patients with DM (to 47 Ϯ 6% and to 40 Ϯ 19%, respectively) but not in subjects without DM. Correspondingly, the protein expression of arginase 1 was increased in coronary arterioles of patients with DM compared with subjects without diabetes. Moreover, using immunocytochemistry, we detected an abundant immunostaining of arginase 1 in coronary endothelial cells of patients with DM, which was colocalized with NO synthase. Collectively, we provided evidence for a distinct upregulation of arginase 1 in coronary arterioles of patients with DM, which contributes to a reduced NO production and consequently diminished vasodilation. coronary microvessel; endothelium; endothelial nitric oxide synthase PATIENTS WITH DIABETES exhibit endothelial dysfunction, which is characterized by an impaired flow-and acetylcholine (ACh)-induced, endothelium-dependent relaxation of brachial artery (8) and forearm resistance vessels (36). Kaneda et al. (17) performed a study in which 165 patients underwent intracoronary injection of ACh and found that diabetes was the strongest predictor for ACh-induced vasospasm, a response that indicates coronary endothelial dysfunction. This and other studies indicated that diabetes is also associated with an impaired dilator function of coronary arteries, and this is manifested and measured as a reduced vasodilator or even vasoconstrictor response to ACh (5, 23). Our previous studies have demonstrated that coronary arterioles isolated from animals with experimental diabetes also exhibit impaired ACh-induced dilation, which is primarily due to the reduced synthesis and/or availability of nitric oxide (NO) (1, 2, 9, 16). The exact mechanism(s) responsible for the diminished NO production in human diabetes is still incompletely understood.
PATIENTS WITH DIABETES exhibit endothelial dysfunction, which is characterized by an impaired flow-and acetylcholine (ACh)-induced, endothelium-dependent relaxation of brachial artery (8) and forearm resistance vessels (36) . Kaneda et al. (17) performed a study in which 165 patients underwent intracoronary injection of ACh and found that diabetes was the strongest predictor for ACh-induced vasospasm, a response that indicates coronary endothelial dysfunction. This and other studies indicated that diabetes is also associated with an impaired dilator function of coronary arteries, and this is manifested and measured as a reduced vasodilator or even vasoconstrictor response to ACh (5, 23) . Our previous studies have demonstrated that coronary arterioles isolated from animals with experimental diabetes also exhibit impaired ACh-induced dilation, which is primarily due to the reduced synthesis and/or availability of nitric oxide (NO) (1, 2, 9, 16) . The exact mechanism(s) responsible for the diminished NO production in human diabetes is still incompletely understood.
L-Arginine, the substrate for NO synthase, is the precursor for NO synthesis in the vascular endothelium. Experimental and also human studies have indicated that the administration of L-arginine could improve NO bioavailability in coronary arteries (12) . Intracoronary infusion of L-arginine in patients with coronary artery disease attenuated the vasoconstrictor response to intracoronary ACh and increased coronary blood flow (6) . Lerman et al. (19) studied the effect of the long-term administration of L-arginine (9 g/day) on patients with nonobstructive coronary disease and found a markedly improved coronary vasodilator response to ACh. It is known that the K m of NO synthase for L-arginine is 2.9 M and the intracellular concentrations of L-arginine range from 0.1 to 1.0 mM; thus in these studies it was surprising that the administration of L-arginine is associated with an increased bioavailability of NO, the arginine paradox. Interestingly, recent studies suggested an attractive hypothesis, namely, that arginase 1, the focal enzyme of the urea cycle hydrolyzing L-arginine, interferes with NO synthesis and may contribute to the development of vascular disease (7) . Recently, Zhang et al. (40) demonstrated that in pigs with experimental hypertension, NO-mediated dilation of coronary arterioles is reduced because of an increased arginase-1 activity, which limited L-arginine availability to NO synthase. A study by Romero et al. (31) showed that increased arginase-1 activity contributes to a diminished NO-mediated response in coronary arteries of diabetic rats. Experimental evidence supporting the contribution of arginase 1 to diminished coronary dilation is lacking in human diabetes.
Accordingly, in this study we set out to characterize alterations in endothelium-dependent coronary arteriolar responses and the contribution of arginase 1 in this process in patients with diabetes mellitus (DM). Thus changes in the diameter of coronary arterioles were monitored before and after the pharmacological-interfering L-arginine/NO pathway and arginase 1. Protein expression and localization of arginase 1 was also detected to furnish further evidence for an upregulated arginase 1 in human coronaries.
METHODS
Patient characteristics. All protocols were approved by the Institutional Review Board at New York Medical College, Valhalla, New York. Consecutive patients who underwent cardiac surgery were enrolled into this study. Patients were divided into two groups with or without documented diabetes.
Isolation of coronary arterioles.
With the use of microsurgical instruments and a stereomicroscope (Nikon SMZ 1000; Nikon Instruments, Melville, NY), the coronary arteriole (ϳ1 mm in length) from the right atrial appendage was isolated and cannulated, as previously described (34) . Briefly, the cannulated arteriole was connected with silicone tubing to a pressure servo control system (Living Systems Instrumentation, Burlington, VT) to set the intraluminal pressure to 80 mmHg. Changes in arteriolar diameter were continuously recorded with a CCD camera (CFW1310; Scion, Frederick, MD), connected to a microscope (Eclipse 80i; Nikon Instruments, Melville, NY) and measured with a microangiometer (Texas Instruments, Dallas, TX).
Experimental protocols. During an incubation period of 1 h, a spontaneous myogenic tone developed in the isolated coronary arteriole in response to the intraluminal pressure of 80 mmHg. In the first series of experiments, cumulative concentrations of the endotheliumdependent agonist ACh (0.1 nmol/l-0.1 mol/l) and the endotheliumindependent dilator sodium nitroprusside (1 nmol/l-1 mol/l) were administered to the arterioles and changes in diameter were measured. The same protocols were repeated in the presence of N G -nitro-Larginine methyl ester (L-NAME, 10 mol/l for 30 min), an inhibitor of the NO synthase. Arterioles were also incubated in the presence of N G -hydroxy-L-arginine (L-NOHA), a selective inhibitor of arginase (10 mol/l for 30 min) (14) or L-arginine (3 mmol/l for 30 min), and agonist-induced arteriolar responses were obtained again.
Immunoblots. Coronary arterioles, same-sized microvessels as used in the functional experiments, were dissected from the hearts of patients with (n ϭ 5) and without (n ϭ 5) diabetes, cleared of connective tissue, and briefly rinsed in ice-cold physiological salt solution. Protein electrophoresis and immunoblot analysis were carried out as previously described (16) . Briefly, single coronary arterioles were homogenized in 20 l of radioimmunoprecipitation assay buffer and mixed with an equal amount of Laemmli sample buffer. The total amount of homogenates was then loaded to the gel for electrophoresis, without further quantifying the actual protein concentrations. After blotting, a goat polyclonal antibody was used for the detection of the protein expression of arginase 1 (dilution, 1:1,000). Membranes were also reprobed with anti-␤-actin IgG (dilution, 1:5,000) to normalize for loading variations in protein concentrations. Corresponding horseradish peroxidase-labeled secondary antibodies were used, and enhanced chemiluminescence was visualized autoradiographically. The optical density of the bands was measured and normalized for ␤-actin by using National Institutes of Health (NIH) ImageJ software.
Immunocytochemistry for colocalization. To visualize individual endothelial cells, after longitudinal cutting, en face coronary arterioles from patients with or without diabetes (n ϭ 4 in each group) were prepared. Acetone-fixed preparations were simultaneously immunolabeled with a monoclonal mouse anti-arginase-1 primary antibody (dilution, 1:100) and a polyclonal rabbit endothelial NO synthase (eNOS) primary antibody (dilution, 1:100). Subsequent fluorescent labeling was performed with Alexa 488-labeled anti-rabbit or Alexa 597-labeled anti-mouse secondary antibodies. 4,6-Diamidino-2-phenylindole (DAPI) was used for nuclear staining. For nonspecific binding, the primary antibody was omitted. With the use of a ϫ100 oil immersion objective (numerical aperature, 1.4), individual endothelial cells were visualized in the en face vascular preparation. Images were collected from multiple endothelial cells (at least 5 cells from 3 different regions from each vessels) with an electron-multiplying CCD camera (Luca EM -S, Andor, Belfast, UK), connected to an Olympus BX61 microscope (Olympus America, Center Valley, PA). Merged RGB images were generated with NIH ImageJ software, and representative images are shown.
Drugs and chemicals. All drugs, chemicals, and antibodies were purchased from Sigma (St. Louis, MO) with the exception of anti-␤-actin IgG (Abcam, Cambridge, UK), polyclonal rabbit eNOS primary antibody (BD Bioscience; Rockville, MD), Alexa 488-labeled antirabbit and Alexa 597-labeled anti-mouse secondary antibodies (Invitrogen; Carlsbad, CA).
Data analysis. Statistical analyses were performed using GraphPad Prism Software (version 5.00 for Macintosh, San Diego, CA). All pertinent risk factors were examined by Fisher exact test, and continuous variables were examined by Student's t-test between the two patient groups. Agonist-induced arteriolar responses were expressed as changes in arteriolar diameter as a percentage of the maximal dilation, defined as the passive diameter of the vessel at 80-mmHg intraluminal pressure in a Ca 2ϩ -free medium, as previously described (34) . Statistical analysis of agonist-induced vascular responses was performed by repeated-measures ANOVA, followed by Tukey's post hoc test. P Ͻ 0.05 was considered statistically significant. Data are expressed as means Ϯ SE.
RESULTS
Clinical data. Clinical data are presented in Table 1 . The mean age was 58 Ϯ 12 yr in patients without diabetes and 64 Ϯ 10 yr in patients with diabetes. As analyzed by Fisher exact test, there was no significant difference in sex, other comorbidities, and the surgical procedures between the two groups ( Table 1 ). All patients with DM (including 5 patients with type 1 and 15 patients with type 2 DM) were on antidiabetic medication (insulin and/or oral antidiabetic drugs, Table 1 ).
Vasomotor responses of human coronary arterioles. In isolated coronary arterioles, a spontaneous tone developed in response to 80 mmHg intraluminal pressure, and there were no significant differences between the active (non-DM, 106 Ϯ 9 m; and DM, 97 Ϯ 12 m) and passive (in Ca 2ϩ -free solution: non-DM, 131 Ϯ 11 m; and DM, 133 Ϯ 17 m) diameters.
We found that in coronary arterioles, ACh (1 nM-0.1 M) elicited diminished dilations, and it caused significant constric- Data are means Ϯ SD; n, number of patients studied without (Ϫ) or with (ϩ) diabetes mellitus (DM). ACE, angiotensin-converting enzyme.
tions in response to the highest (0.1 M) concentrations of ACh with similar magnitude in patients with or without DM (Fig. 1A) . The NO synthesis inhibitor L-NAME had no effect on these responses in either group of arterioles (Fig. 1B) . The NO donor sodium nitroprusside-induced dilations were also similar in magnitude in coronary arterioles isolated from patients with or without DM (Fig. 1C) .
In separate experiments coronary arterioles were incubated with N G -hydroxy-L-arginine (L-NOHA, 10 M), a selective inhibitor of arginase. L-NOHA had no significant effect on the basal diameter of arterioles (after incubation with L-NOHA, arteriolar diameter was 98 Ϯ 10 and 91 Ϯ 7 m in patients without and with DM, respectively). We have found that in the presence of L-NOHA, ACh elicited significant dilation in coronary arterioles of patients with DM, but it had no effect on diminished coronary responses in patients without DM (Fig. 2A) . Similarly, we found that in arterioles of patients with DM, the application of L-arginine (3 mM) restored vasodilation to ACh, but it had no affect on the diminished responses of vessels obtained from patients without diabetes (Fig. 2B) . L-Arginine incubation increased basal diameters in both groups (after incubation with L-arginine, arteriolar diameter was 112 Ϯ 9 and 113 Ϯ 14 m in patients without and with DM, respectively).
Expression of arginase 1 in human coronary arterioles. Protein expression of arginase 1 was detected by Western blot analysis in coronary arterioles isolated from the atrial appendages of patients with and without DM. We have found an increased arginase-1 expression in the coronary arterioles of patients with DM compared with subjects without DM (Fig. 3A) .
With the use of fluorescence microscopy and immunocytochemistry approaches, the protein expression of eNOS and arginase 1 was also detected in endothelial cells in coronary arterioles of patients with or without DM. Arginase-1 immunostaining was prominent in the coronary endothelium of patients with DM, and arginase 1 was less abundantly expressed in those arterioles of subjects without DM. Importantly, we have found that arginase-1 immunostaining was colocalized with eNOS in the endothelial cells of coronary arterioles of patients with DM but not in subjects without DM (Fig. 3B) .
DISCUSSION
This study demonstrates that in the coronary arterioles of patients with diabetes, arginase 1 is upregulated, which interferes with NO-mediated vasomotor responses. This conclusion is supported by the findings that in coronary arterioles dissected from the heart of patients with diabetes, ACh elicits a diminished vasodilation, which is not affected by the inhibition of NO synthesis, but it is restored by prior incubation with an arginase inhibitor or L-arginine. When compared with those of subjects without diabetes, coronary arterioles from patients with diabetes exhibit an increased protein expression of arginase 1, which is colocalized with eNOS in endothelial cells.
Although acute and chronic ischemic syndromes are commonly due to coronary flow-limiting atherosclerotic plaques in epicardial coronary arteries, about 10 to 20% of patients with prominent cardiac symptoms, and therefore undergoing cardiac catheterization, are found to have normal coronary angiograms Fig. 1 . Changes in diameter of coronary arterioles isolated from patients without diabetes mellitus (DMϪ, n ϭ 11) and patients with DM (DMϩ, n ϭ 10) in response to cumulative concentrations of ACh in the absence (A) or in the presence (B, n ϭ 6 in each group) of nitric oxide synthesis inhibitor N G -nitro-L-arginine methyl ester (L-NAME). Changes in diameter of coronary arterioles isolated from subjects without (DMϪ, n ϭ 9) and with diabetes (DMϩ, n ϭ 8) in response to cumulative concentrations of sodium nitroprusside (SNP; C) are shown. Data are means Ϯ SE. *P Ͻ 0.05, significant changes in diameter from the baseline diameters on A and B.
(4). Nitenberg et al. (25) have demonstrated that coronary dilation is impaired in patients with diabetes with angiographically normal coronaries (25) . The coronary flow reserve, as defined by the ratio of coronary flow under maximal druginduced vasodilation to coronary flow under resting conditions, is reduced in patients with diabetes in the absence of significant stenosis of epicardial coronary arteries (26) . Thus it is clear that epicardial atherosclerosis may not be the only underlying mechanism resulting in disturbed myocardial perfusion in patients with diabetes, but an important pathological role for functional alterations of coronary microvessels can also be assigned (24, 26) . The underlying mechanism(s) of coronary arteriolar vasomotor dysfunction remains incompletely understood in patients with diabetes, so that effective preventive therapeutic strategies cannot be adopted in patients with DM.
The vascular endothelium produces and secretes numerous compounds that regulate a variety of physiological functions, including vasomotor tone, coagulation, inflammation, permeability, and cell adhesion (37) . Among others, NO is considered to be one of the key molecules in maintaining normal vascular homeostasis, and it is a major contributor to maintain adequate coronary microvascular tone (20) . Solid experimental evidence indicates that diabetes is associated with impaired bioavailability of NO both in conduit vessels and resistance arteries (10, 13, 30, 33) . In this study we have found that the inhibition of NO synthesis did not affect ACh-induced coronary vasomotor responses both in patients with or without diabetes. In this context, earlier we have found that coronary arterioles obtained from a small number of young individuals (undergoing only valve surgery and had no sign of coronary artery disease, such as patients with Marfan syndrome) develop vasodilation (maximum, ϳ60%) in response to ACh (10 Ϫ7 M), a response that was diminished by a subsequent inhibition of NO synthesis with L-NAME (Z. Bagi, unpublished observation). Collectively, these aforementioned indicate that the coronary arterioles of patients involved in the current study lack NO mediation of ACh-induced vasomotor responses and suggest that patients with various other comorbidities already exhibit a compromised availability of NO, regardless of the presence or the absence of diabetes. On the other hand, our finding that the NO donor sodium nitroprusside-induced dilations were similar in the two groups indicates an intact downstream, soluble guanylate cyclase and cGMP-dependent signaling and shows a maintained ability of coronary vessels to dilate in response to the endothelium-independent agonist in both patient groups.
Oxidative stress has been proposed to be responsible for the diminished availability of NO in diabetes (5) . In patients with diabetes, the administration of the antioxidant vitamin C prevented the decreases in methacholine-induced brachial artery dilations (3). However, other studies failed to demonstrate any significant beneficial effect of antioxidant therapy in the prevention of diabetes-induced vascular complications (21, 22) . For example, vitamin-E supplementation for 8 wk did not improve the reduced ACh-and bradykinin-induced dilations of brachial arteries in patients with diabetes (11) . We have also found earlier that the administration of the superoxide dismutase did not prevent the dilation of skeletal muscle arterioles isolated from diabetic rats (1). These aforementioned observations raised questions about the direct and only role for oxidative stress in diabetes-related vascular dysfunction. It is known that an adequate level of substrates and cofactors for NO syntheses, such as L-arginine (7) and tetrahydrobiopterin (BH 4 ), is essential for NO synthesis (35, 38) and NO-mediated vasodilation (1) . Diabetes has been shown to interfere with the availability of these cofactors, thereby leading to a diminished NO synthesis. To provide experimental evidence for this scenario, Ihlemann et al. (15) demonstrated that in healthy humans, oral glucose challenge-induced reduction in forearm blood flow is restored by pretreatment with BH 4 (15) . A coinfusion of BH 4 and L-arginine into the forearm of patients with diabetes prevented ischemia-reperfusion-induced endothelial dysfunction in the brachial artery (32) . Oral L-arginine administration alone also improved brachial artery relaxation in women with diabetes (29) . Thus it seems established that diabetes leads to impaired NO synthesis via interfering with the availability of eNOS cofactor BH 4 . Furthermore, the availability of the NO synthase substrate L-arginine seems also compromised in diabetes, which has been demonstrated in early investigations in diabetic animals (27, 28). However, the beneficial effect of L-arginine supplementation seemed controversial in light of the known K m value of NO synthase for L-arginine, which is 2.9 M, and the intracellular concentrations of L-arginine can range from 0.1 to 1.0 mM, the arginine paradox. Interestingly, recent studies suggested that arginase, the focal enzyme of the urea cycle, may reduce L-arginine concentration in the close proximity of NO synthase, hence limiting NO synthesis (7) . In this context, Romero et al. (31) demonstrated that increased arginase-1 activity leads to a reduced availability of L-arginine to NO synthase in coronary arteries of diabetic rats. In agreement with this observation and extending those toward human diabetes, in this study we have demonstrated that diabetes is associated with an increased expression of arginase 1 in the coronary arteriolar wall. Arginase-1 expression was abundant in endothelial cells and was colocalized with eNOS in coronary vessels of patients with diabetes but not in subjects without diabetes. To reveal the functional consequence(s) of the upregulated arginase 1, we demonstrated that the inhibition of arginase with L-NOHA caused a restoration of endothelium-dependent agonist-induced dilation in coronary arterioles of patients with diabetes. It should be noted that the arginase inhibitor L-NOHA does not have selectivity toward arginase isoforms (arginase 1 vs. arginase 2). Thus the functional role for arginase 2 in the development of coronary vasomotor dysfunction in patients with diabetes cannot be entirely excluded. In this regard, a previous study has found that an increased expression of arginase 2 may lead to a decreased NO synthesis in pulmonary endothelial cells of patients with pulmonary arterial hypertension (39) . The pathological role of arginase isoforms in diabetes-related coronary microvasular dysfunction has yet to be elucidated.
Moreover, the underlying mechanism(s) leading to selective upregulation of arginase 1 in coronary arterioles in patients with diabetes also remains unclear. It is known that insulin suppresses the expression and activity of enzymes of the urea synthesis pathway. Since insulin signaling can be impaired in diabetes (a majority of patients in this study had type 2 diabetes and likely exhibit insulin resistance), it is possible that the failure of insulin regulatory action contributes to the upregulations of arginase 1. Because of the limited number of patients with type 1 diabetes in this study, we have not analyzed the difference in the vasomotor function and arginase-1 expression between type 1 and type 2 diabetes, and we were also not able to statistically distinguish between responses that were obtained in patients receiving insulin supplementation or were on insulin sensitizer medication. Further studies are warranted to ascertain the role of insulin, insulin sensitization, and other pathological factors that could contribute to increased arginase-1 expression in diabetes. Interestingly, in patients without diabetes but suffering from other cardiovascular diseases and other comorbidities, arginase inhibition and also L-arginine supplementation failed to improve coronary dilation, suggesting that mechanism(s) other than the upregulated arginase can be responsible for the diminished ACh-induced response. We could only speculate whether in patients without diabetes an increased level of endogenous NO synthase inhibitor asymmet- ric dimethylarginine (18) or perhaps a decreased level of other NO synthase cofactors, such as BH 4 (15) , plays also, if not even a more significant role in this process. Nevertheless, based on our present observation, clinical studies may reveal whether L-arginine supplementation and/or arginase inhibition are beneficial in the prevention and treatment of coronary microvascular complications that are associated with diabetes and insulin resistance. In conclusion, this study is the first to provide experimental evidence for the pathological role of vascular arginase 1, which contributes to the diminished, NOmediated coronary arteriolar dilation in patients with diabetes.
